Under the model of micromutationism, phenotypic divergence between species is caused by 15 accumulation of many small-effect changes. While mapping the causal changes to single nucleotide 16 resolution could be difficult for diverged species, genetic dissection via chimeric constructs allows us to 17 evaluate whether a large-effect gene is composed of many small-effect nucleotide changes. In a 18 previously described non-complementation screen, we found allele difference of CUP2, a copper-binding 19 transcription factor, underlie divergence in copper resistance between Saccharomyces cerevisiae and S. 20
Introduction 28
The genetic basis of evolutionary change may involve changes that range from large to small 29 effect. Under the micromutational model, phenotypic divergence predominantly results from the 30 accumulation of numerous small effect changes (Rockman 2011) . However, mapping of quantitative traits 31 has shown that large-effect changes often contribute to phenotypic variation (Orr and Coyne 1992; Bell 32 2009 ). Even so, these results may be inherently biased, both by a focus on dramatic phenotypic shifts, 33 such as those that distinguish domesticated species from their wild relatives, and by the limited power of 34 quantitative trait mapping to detect small effects and distinguish between regions with a single large-35 effect change or many small ones (Orr and Coyne 1992; Rockman 2011) . Thus, evaluating the genetic 36 basis of evolutionary change requires accounting for both the context and purview of the evidence. 37
In genetic studies, both the mapping method and samples size have a strong influence on the 38 results. In contrast to many linkage mapping studies, which tend to find large-effect changes (Fay 2013) , 39 genome-wide association studies predominantly detect numerous small-effect associations, e.g. (Wood et 40 al. 2014) , and the number of associations depends on sample size (Visscher et al. 2012 ). Furthermore, 41 evidence for the omnigenic model supports the view that every gene has some slight contribution to a trait 42 (Boyle et al. 2017) , and implies that the vast majority of causal variants are not realistically mappable. 43
Knowing the limits of our ability to detect and identify small effect mutations is also relevant to 44 answering questions about the genes, type of changes, and cellular mechanisms underlying phenotypic 45 divergence (Rockman 2011; Boyle et al. 2017) . 46
Limits on our ability to map phenotypic variation are not restricted to a simple tradeoff between 47 effect size and sample size. Mapping interspecific differences often requires different approaches and 48 yields different results compared to studies of intraspecific variation. A prominent limitation of mapping 49 phenotypic differences between species is hybrid sterility and inviability. Consequently, many studies test 50 candidate genes or map traits that differ between closely related, interfertile species. Based on a review of 51 4 the literature, interspecific studies find fewer null alleles and more cis-regulatory alleles compared coding 52 alleles (Stern and Orgogozo 2008) . Another factor relevant to interspecific studies is that there is enough 53 time for multiple changes to occur at a single locus. These loci are of interest both in regards to why they 54 accumulate multiple changes, but also because they are more readily detected. 55
Repeated changes at a single locus, termed evolutionary hotspots, are common and relevant to 56 understanding phenotypic divergence (Martin and Orgogozo 2013) . Hotspots can be classified as 57 interlineage, involving genes that are repeatedly used during evolution in different lineages, or 58 intralineage, involving the accumulation of multiple changes in a gene along a single lineage (Martin and 59 Orgogozo 2013). In the case of intralineage hotspots, multiple changes within a single gene can be 60 explained by either the unique ability of a gene to affect a trait or pleiotropy, whereby many genes can 61 influence a trait but relative few can do so without adverse effects on other traits (Stern and Orgogozo 62 2009 ). The constraints of pleiotropy are also thought to increase the preponderance of cis-regulatory 63 changes in evolution (Carroll 2008 (Steinmetz et al. 2002) . Of particular relevance, the 76 test examines the combined effects of all regulatory or coding differences between the two species' 77 alleles. 78
In this study we test whether single or multiple changes underlie allelic divergence of CUP2 79 between Saccharomyces species. Using a genome-wide non-complementation screen, we previously 80 found that divergence of CUP2 contributed to the evolution of copper resistance in Saccharomyces cerevisiae and S. uvarum CUP2 are substantially diverged (71.1% identical) we dissected the effect of 92 CUP2 allele divergence using chimeric constructs between the two species. We found that divergence in 93 copper-resistance is caused by multiple nucleotide changes distributed throughout the gene, but with cis-94 regulatory changes having a larger effect than coding changes. 95
Materials and Methods 96
S. cerevisiae strains in the S288C background and S. uvarum strains in the CBS7001 background 97 (Scannell et al. 2011 ) were used in this study. The S. uvarum genome sequence and annotations were 98 6 from Scannell et al. (2011) . CUP2 was knocked out with KanMX4 in S. cerevisiae (YJF173, MATa ho-99 ura3-52) and S. uvarum (YJF1450, MATα ho∆::NatMX), respectively. Transformations in this study 100 followed a standard lithium acetate procedure (Gietz et al. 1995) , with the modification that room 101 temperature and 37°C was used for incubation and heat shock of S. uvarum, respectively. Unless 102 otherwise noted, S. cerevisiae was maintained at 30°C on YPD (1% yeast extract, 2% peptone and 2% 103 dextrose) while S. uvarum and S. cerevisiae × S. uvarum hybrids were maintained at room temperature. 104 Segments of CUP2 were PCR-amplified from S. cerevisiae or S. uvarum genomic DNA with Q5 113 polymerase (New England Biolabs). Promoter and CDS segments from different species were assembled into pRS306 to generate promoter-swaps. Full-length S. cerevisiae and S. uvarum CUP2 115 alleles were assembled in parallel for controls. An S. cerevisiae allele from a copper sensitive oak tree 116 strain was included for comparison, and was amplified from genomic DNA of YJF153 (MATa 117 ho∆::dsdAMX), a YPS163 derivative. To split the promoter or CDS, the segments of interest were 118 assembled into pRS306-derived plasmids pXL07 or pXL05, which respectively carry the full-length S. 119 cerevisiae or S. uvarum allele. All constructs were Sanger-sequenced; one of the chimeras (CCUC) 7 carried a deletion of a single adenine nucleotide in a stretch of 14 As in the S. cerevisiae promoter, but it 121 did not seem to cause deleterious effects in the phenotypic assays. 122
The plasmids were linearized with BstBI (CUP2 constructs) or StuI (vector control) and 123 integrated into the ura3 locus of an S. cerevisiae CUP2 knockout strain YJF2872 (MATa ho-ura3-52 124 Linear models were used to analyze the effects of each region. Data from the oak allele and the 141 vector control were excluded in the models. The sum of nAUC across the two concentrations (snAUC) 142 was used to represent copper resistance of each strain. The data were fit to two models: 1) snAUC ~ R1 + 143 8 R2 + R3 + R4, to analyze the additive effects of region 1 to 4 (R1 to R4); 2) snAUC ~ (R1 + R2 + R3 + 144 R4) ^2, to analyze both additive and epistatic effects. R1 to R4 were categorical variables (C or U 145 representing cerevisiae and uvarum alleles, respectively). P-values were extracted from the models and 146 were adjusted by false discovery rate (Benjamini and Hochberg method) to correct for multiple 147 comparisons. All data and reagents used in this study are available upon request. uvarum, in which the endogenous CUP2 alleles were knocked out. The hybrid background was used in 170 accordance with the previously conducted reciprocal hemizygosity test (Li et al. 2019 ), but the effects of 171 chimeras were the same in S. cerevisiae (Fig. S1) . 172
All four of the regions showed a significant effect on copper resistance using an additive model 173 (Table 1) . Across two different concentrations of copper, the resistance of chimeras generally increased 174 with the number of S. cerevisiae segments in the constructs (Fig. 2) . Relative to the S. uvarum allele, 175 substituting in the S. cerevisiae promoter conferred higher resistance than substituting the S. cerevisiae 176 CDS (grey). The chimeras that split the promoter or CDS regions further mapped the largest effect to the 177 proximal half of the S. cerevisiae promoter (the UCUU construct), while the other three S. cerevisiae 10 regions tested also conferred low-to-moderate levels of resistance when inserted into the S. uvarum allele 179 (light blue, left panel), suggesting that multiple nucleotide changes underlie the allele effect of CUP2. 180
While the combination of any three S. cerevisiae segments was sufficient to confer resistance to the 181 0.2mM copper treatment (orange), these chimeras showed various levels of sensitivity to 0.5mM, also 182 consistent with a model of multiple changes. 183 Using a linear model we also tested whether there are epistatic interactions between the regions 184 (Table 1) . We found that the model accounting for epistatic effects explained the data better than the 185 model with only additive effects (0.974 vs. 0.839 for adjusted R-squared, p=1.94E-10 in ANOVA). In the 186 epistatic model, all four S. cerevisiae regions retained significant effects on copper resistance, with region 187 2 showing the largest effect. Positive epistasis was detected between region 1 and 4. At high copper 188
concentration, substitution of S. cerevisiae region 1 or 4 into the S. uvarum background had little effect 189 ( Fig. 2, right panel, CUUU and UUUC compared to UUUU), but showed much larger effects when the 190 other region was also present (CCUU to CCUC and UUCC to CUCC). Regions 1-2 and 2-3 showed 191 modest negative interactions. These findings suggest that both changes with additive and epistatic effects 192 contributed to the divergence of CUP2 alleles. 193
We also included a full-length CUP2 allele from a copper-sensitive S. cerevisiae oak isolate for 194 comparison. The oak allele has 12 nucleotide differences from the S288C allele used in the chimeras. 195
While the oak allele showed similar levels of resistance as the S288C allele at 0.2 mM copper, it was 196 more sensitive than the S288C allele at 0.5 mM. This suggests that a portion of the divergence between 197 the S. cerevisiae S288C allele and S. uvarum may be caused by recent changes (polymorphism). 198
However, of the 572 differences between the S288C and S. uvarum allele (out of a 1586 bp alignment, 199 including gaps), only 4 of these can be explained by polymorphism between the two S. cerevisiae strains 200 and only 57 of these are polymorphic in other S. cerevisiae strains (Peter et al. 2018 Evolution can occur through accumulation of many small-effect changes, but mapping small-213 effect changes can be technically challenging (Orr 2001; Rockman 2011 ). In the present study, we tested 214 whether a relatively large effect on copper resistance caused by CUP2 allele divergence is a consequence 215 of multiple nucleotide changes. By splitting the CUP2 gene into four regions and measuring their effects 216 13 via chimeric constructs, we found that the CUP2 allele difference was caused by accumulation of multiple 217 small-to-medium effect changes, with the proximal promoter region showing the largest effect. 218
Multiple changes with small effects 219
Our findings support the micromutationism view that evolution involves many small-effect 220
changes. All four regions tested conferred copper resistance with various effect sizes, suggesting that the (Fig. 1A) . We 232 found that the DNA binding domain of S. cerevisiae conferred moderate copper resistance when inserted 233 into the S. uvarum allele. The gain of copper resistance could be due to changes in binding affinity to the 234 CUP1 promoter, the major target of Cup2p. The N-terminal of Cup2p is suggested to bind DNA via a 235 zinc module and a copper-regulatory domain (Graden et al. 1996) (Fig. 1A) , both of which contain amino 236 acid differences between the two species. Further dissection of this region would help understand the 237 molecular mechanism of CUP2-mediated copper resistance. However, these dissections are expected to 238 become increasingly difficult under the micromutational model. 239 14 While all four regions showed different levels of additive effects, the context-dependent effect 240 sizes of individual regions suggest epistasis. The S. cerevisiae region 1 and 4 showed small effects when 241 inserted into the S. uvarum allele (Fig. 2 , CUUU and UUUC constructs) but large effects when replaced 242 by the S. uvarum regions (Fig. 2, UCCC and CCCU) . It is possible that these two regions of S. cerevisiae 243 contain large-effect copper-resistant changes that depend on the presence of other S. cerevisiae regions. 244
Alternatively, the S. cerevisiae region 1 and 4 may only contain small-effect changes, and the sensitivity 245 of the UCCC and CCCU constructs was caused by deleterious effects of the S. uvarum regions. Our data 246 could not distinguish these two possibilities, although the linear model suggested that synergistic epistasis 247 between the S. cerevisiae region 1 and 4 could be the best explanation (Table 1) . 248
Evolution of copper resistance 249
The evolutionary history of CUP2 provides some insight into the evolution of copper resistance. 250
The CUP2 
